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Boson Pair Production and Triple Gauge Couplings

H. T. Diehl * *

3Fermi National Accelerator Laboratory,
Batavia, IL 60510

The D@ and CDF Collaborations measure boson pair production including Wy, WW, WZ, ZZ and Zy
production in pp collisions at 4/s = 1800 GeV. New results, from direct measurements, are described including
We, WW, and Zv production cross sections and limits on non-Standard Model triple gauge boson couplings.
The limits on anomalous WW<«y, WW Z, Zvv and ZZ+v couplings are the most restrictive available. Prospects

for Run II are discussed.

1. Introduction

The Standard Model (SM) of electroweak in-
teractions makes precise predictions for the cou-
plings between gauge bosons due to the non-
abelian gauge symmetry of SU(2); ® U(1)y.
These self-interactions are described by the triple
gauge boson (trilinear) WW+y, WW Z, Zvv, and
Z Z~ couplings and the quartic couplings. Vector
boson pair production provides sensitive ground
for direct tests of the trilinear couplings. The
CDF and D@ Collaborations have studied W4,
WW, WZ, and Zv events produced in pp col-
lisions at 4/s — 1.8 TeV during the 1992-1995
Tevatron run (Run I) [1]. This paper describes
the results of those studies.

1.1. WW+v and WW Z Couplings

A formalism has been developed to describe the
WWe+ and WW Z interactions for models beyond
the SM [2]. The effective Lorentz invariant La-
grangian, after imposing C, P, and CP symmetry,
is:
Lwwy _ v (whweve —wiv,we) +
gwwv

A
oy Wiw, v 4 2l ey,
my,

where V means v or Z. The factor gww is e;
gwwz 1s e cot By-. The couplings gY, Ky, and Ay
are to be determined by experiment. In the SM,
9] =97 =k, = kz = land A\, = Xz = 0.
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Electromagnetic gauge invariance restricts g] to
1; however, g7 could be different from the SM
prediction. The coupling parameters are related
to the magnetic dipole moments () and elec-
tric quadrupole moments (Q%,) of the W boson:
wv = g (1 + K+ A) and Qfy = — 3 (5 — ),
where e and My are the charge and the mass of
the W boson [3].

The effective Lagrangian leads to vector boson
pair production cross sections which grow with
8, the square of the invariant mass of the dibo-
son system, for non-SM values of the couplings.
In order to avoid unitarity violation, the anoma-
lous couplings are parameterized as form factors
with a scale, A (e.g. Ax/(1+ §/A%)?) [4]. The
cross section is enhanced, particularly at high s,
because the delicate cancellation of some SM am-
plitudes is destroyed. The total cross section de-
pends quadratically on the anomalous couplings.
Furthermore, the transverse momentum of the
bosons is larger.

1.2. Zvv and ZZy Couplings

The trilinear Zv+ and ZZv couplings are all
expected to be zero in the SM at tree level. Devi-
ations from the SM are characterized [5] by mo-
mentum dependent form factors h! (i = 1,4),
where V means vy or Z. h! and h) are CP odd,
while b} and h} are CP even. Anomalous Zvv
and Z Z+v couplings enhance the cross section and
harden the photon Ep spectrum.



2. W+~ Production

2.1. Results from CDF

The CDF Collaboration has previously pub-
lished [6] the results of the Run Ia analysis. Here
we report on the analysis of 67 pb~! of the Run Ib
data, last updated in July 1995 [7]. W+~ events
are identified by the presence on an isolated muon
with || < 0.6 or electron with |5 < 1.1 and
Ep > 20 GeV. Missing transverse energy Ep> 20
GeV is required. A photon with Ep > 7 GeV is
required within || < 1.1. The angular separa-
tion AR(fy) = \/A¢? + én? between the lepton
and the photon is required to be greater than 0.7.
The AR selection criterion reduces the contribu-
tion from events where the photon has radiated
from the lepton. CDF found 109 W+ candidates.
The background, mainly from W + jet(s) where a
Jet mimics a photon, is expected to be 26.4 + 2.7
events. Limits on anomalous WW« couplings [8],
from a fit to the photon Ep spectrum, are as fol-
lows. For A = 1.5 TeV, —1.8 < Ak, < 2.0 and
—0.7< A, < 0.7 at 95% CL.

SM W+ production has a radiation zero [9] at
cos 8" = +1/3, where 6* is the angle between the
incoming quark and photon in the W+ rest frame.
Requiring AR(£y) > 1.5 and that the invariant
mass of the lepton and F7 is close to the W boson
mass reduces the final state bremsstrahlung. A
hint of a radiation zero is observed [7].

2.2. Results from DO

The D@ Collaboration has previously pub-
lished the results of the Run Ia (14 pb~!) analy-
sis [10]. Here we teport on the Run I (93 pb™1)
combined analysis published recently [11]. W«
events are identified by the presence of a high-pr
lepton, either an isolated muon with || < 1.0 or
electron with |p| < 1.1 or 1.5 < |p| < 2.5. Eyp
indicative of the decay of a W boson is required.
A photon with Ep > 10 GeV is required within
the same fiducial limits as the electron. As in the
CDF analysis, requiring AR(#y) > 0.7 reduces
the number of events where the photon radiated
from the lepton.

The combined data sample contains 127 events
with a background, due mainly to W +jet(s) and
Zv, of 43 £ 5 events. The cross section times

branching ratio, o(pp — Wy + X) x B(W —
), with E]. > 10 GeV and AR(fy) > 0.7 is
11.3}-7(stat) + 1.4(sys) + 0.6(lum) pb, in agree-
ment with the SM prediction 12.541.0 pb. Limits
on anomalous WW+ couplings for A = 1.5 TeV
are —0.93 < Ak, < 0.94 and —0.31 < A, < 0.29
at 95% CL (the limits on C P-violating couplings
% and X are similar). These are the tightest limits
presently available for WW+ couplings.

One particularly interesting result is the ex-
clusion, at 96% CL, of the U(1)ga—only point
£ = 0 A = 0. Exclusion of this point is direct
evidence that the photon couples to more than
Just the electric charge of the W boson. This is a
triumphant confirmation of the SM gauge theory
prediction.

3. WW and WZ Production

3.1. Results from DO

The D@ Collaboration has studied the chan-
nels pp — WW — 7 llvp (£,€ = e,u) and
pp — WW(WZ) — ev jet jet + X. The back-
ground from W + jet(s) makes it difficult to ex-
tract a SM signal for the latter. Results of a
search for a WW — dileptons signal in the Run Ia
data, leading to limits on WW+v and WWZ
anomalous couplings, has been previously pub-
lished [12]. The results of a search for a non-SM
signal in the Run Ia data of the WIW(WZ) —
evjet jet decay mode have also been previously
published [13]. All of the Run Ia analyses (in-
cluding the Wy, WW/W Z, and Z+v analyses) are
described in detail in a previous publication [14].
The combined Run Ia Wy and WW/W Z anal-
yses provide anomalous coupling limits (assum-
ing the WWZ and WW+ couplings are equal) of
—0.71 < Ak < 0.89 and —0.44 < XA < 0.44 for
A = 1500 GeV [14]. These analyses have been
extended into Run Ib data.

The signature of the dilepton decay ofa WW is
two high-pr charged leptons along with large E'r.
The Ep and Erp cuts depend on the particular de-
cay mode ee, ey, or pu, because of the difference
in the pp resolution of the D@ electron and muon
detectors. In order to reduce the background
from Z boson decays, cuts are made on the az-
imuthal angle between the F7 and leptons. Fur-



ther rejection of Z — ee is obtained by requiring
that | M, — My| > 15 GeV/c?. For the epvv de-
cay channel, it was required that AR(y,e) > 0.5
to reject W bosons with a tracked-matched pho-
ton due to bremsstrahlung radiation from the
muon. The background due to ¢f production was
reduced by requiring |E%“d| < 40 GeV. Four (2
e, 1 ee, and 1 pp) candidates were found in
the Run Ib data with an expected background
of 2.6 & 0.4 events. The 95% CL upper limit
for o(WW + X) is 43 pb. Limits on anoma-
lous couplings for A = 1 TeV are |Ax| < 1.2 and
|A] < 1.0 at 95% CL, assuming the WW+ and
WW Z couplings are equal, from the upper limit
on the cross section. D@ expects to have substan-
tially improved anomalous coupling limits from a
2-dimensional fit to the two lepton pr’s in the
near future.

D® has extended the search for a non-SM
signal of the semileptonic decay modes of WW
and WZ to the Run Ib data. An electron with
(Er > 25 GeV) and E7r> 25 GeV which com-
bine to form a transverse mass, My(ev) > 40
GeV/c?, indicate the presence of a W boson de-
cay. In addition, two jets (formed with a cone
radius of 0.5 in n¢ space) with Er > 20 GeV
are required; they must form an invariant mass
M (dijet) between 50 and 110 GeV/c?. This pro-
vides the W or Z decay to jets. It is required
that |E7(jet jet) — Er(ev)| < 40 GeV. Requir-
ing that the two bosons have nearly the same
E7 reduces the background from #f. In a data
sample comprising 82.3 pb~!, 399 candidates are
found. Of these, only 17.5 4 3.0 are expected to
be WW or WZ events. The remainder are prin-
cipally W + jets and QCD fake events.

Limits on anomalous WW+v and WW Z cou-
plings are made by fitting the Er(ev) spectrum
from the data with that expected of the back-
ground plus signal as a function of anomalous
couplings. Combining the Run Ia and Run Ib
semileptonic decay analyses yields limits, for A =
2000 GeV, of —0.33 < A < 0.36 and —0.43 <
Ak < 0.59 under the assumption that A, = Az
and Ak, = Akz. Limits using a different as-
sumption, that the WW+ have the SM values (so
as to contribute minimally to the cross section),
shows the exclusion at more than 95% CL of the

point kz = 0 Az = 0. Exclusion of this point is
direct evidence that the W boson couples directly
to the Z boson. This is an important confirma-
tion of the electroweak gauge theory first noted
in a CDF publication [16]. This result has been
submitted for publication [15].

3.2. Results from CDF

CDF has studied the dilepton and semileptonic
decay modes of WW and W Z production. The
WW(WZ) — Lv jet jet (£ = e, p) analysis from
Run Ia is long since published [16].

CDF has recently published [17] a study of
pp — WW — i l'vy (£,€ = e, ) based on the
Run I data. Two isolated charged leptons with
Ep > 20 GeV and BEr> 25 GeV are required.
In order to reduce background from Z boson de-
cays, events with ee or pup invariant mass in the
range 75 — 105 GeV/c? are rejected and, simi-
lar to the DO analysis, events with A¢(Fr,¥)
are rejected if Fp< 50 GeV. Finally, events with
any jet with Ep > 10 GeV are rejected in or-
der to reduce the background from #f produc-
tion. Five (3 en, 2 ee, and 0 pp) candidates
were found in a data sample with an integrated
luminosity of 108 pb~—!. The background, mainly
from Drell-Yan lepton pair production and events
with fake leptons, is 1.2 & 0.3 events. From this,
CDF has enough evidence to quote a cross sec-
tion o(WW) = 10.27%3+1.6 pb. This is the first
measurement of WW production and it is consis-
tent with the SM prediction [18] of 9.5 + 1.0 pb.
Limits on anomalous couplings for A = 1 TeV
are —1.1 < Ak < 1.3 and —0.8 < X < 0.9 at 95%
CL, assuming the WW+ and WW Z couplings are
equal, from the upper limit on the cross section.

CDF is in the process of extending the search
for a non-SM signal of the semileptonic decay
modes of WW and WZ to the Run Ib data.
A high-pr electron or muon (> 20 GeV/c) and
Ep> 20 GeV which combine to form a transverse
mass, Mr(v) > 40 GeV/c?, indicate the pres-
ence of a W boson decay. In addition, two jets
(formed with a cone radius of 0.4) with Ep > 25
GeV are required; they must form an invariant
mass M (dijet) between 60 and 110 GeV/c?. This
provides the W or Z decay to jets. Unlike the
D@ analysis, CDF requires that the jet-pair has



an Fr > 200 GeV. This eliminates the need for
a background estimate but limits the sensitivity
of the analysis by pinching the acceptance to a
region between 200 < pp(W) < 350 GeV/c. The
upper bound comes from the merging of the two
Jjets at high pp(W).

No candidate events are seen in a 110 pb~!
Run TA 4+ Run Ib sample. Preliminary results
for the anomalous coupling limits at A = 2000
GeV are —0.49 < Ak < 0.54 and —0.35 < A <
0.32 at 95% CL, assuming the WW+y and WW Z
couplings are equal. These results are comparable
to those from the D@ analysis. The two analyses
have the tightest available limits for Ax. The
limits on A are close to those obtained from the
D® W+ analysis noted above.

4. Zv Production

4.1. Results from CDF

The CDF Collaboration has previously pub-
lished the results of the Run Ia Zy — eey (upy)
analysis [19]. An analysis [7] based on a 67 pb~!
subsample of the Run Ib data is presented here.

Z~ candidates are identified by the presence of
two charged leptons with large Er and a pho-
ton. The E7 threshold is decreased from 20 GeV
to 10 GeV for the lower Er electron. The muon
thresholds remain at 20 GeV. The pseudorapidity
range is increased from |n| < 1.1 (0.6) to |n| < 4.2
(1.2) for the lower Er electron (muon). The pho-
ton has the same selection requirements, includ-
ing AR({,¥), as in the W+ analysis described
above. 31 Candidates are found with 18 in the
eev and 13 in the ppy decay modes. The back-
ground is expected to be 1.4 + 0.3 events, domi-
nated by Z + jet(s) where the jet mimics a pho-
ton. The predicted number of events, including
background, from the SM is 26.3 + 2.6 events.
This is in agreement with the observed number.
The highest E7 photons are 39 and 64 GeV. An
event in the remaining (unanalyzed) part of the
Run Ib data has a Zv candidate with a photon
of Ex = 182 GeV. A fit of the observed E% to
that expected from the SM + background yields
limits on anomalous ZZv couplings. They are:
|hZ,(h%)| < 1.6 and |h%)(hZ,)| < 0.4. The Zvy
limits are similar.

4.2. Results from DO

The D@ collaboration previously published
the results of the Run Ia (14 pb~! analysis of
the Zy — eey (ppy) (charged lepton) decay
modes [20]. The analysis of the Run Ib charged
lepton decay mode was updated for this confer-
ence and presented for the first time including
both the eey and pupy channels. The analysis of
the Run Ia data for the Zy — vvvy decay chan-
nel was recently published [14,21] and will also be
summarized below.

In the Run Ib analysis, Zv — eevy candidates
are identified by the presence of two electrons
with E7 > 25 GeV and a photon with E7 > 10
GeV. The electrons and photons are required to
fall with the pseudorapidity range || < 1.0 or
1.5 < |n| < 2.5. Zy — ppy events are iden-
tified using either of two selection criteria. For
the “tight” selection, two isolated muons with
In| < 1 and p§' > 15 (p4> > 10) GeV/c must
be identified using the muon tracking detectors.
For the “loose” selection, one muon with |p| < 1
and pf' > 15 GeV/c is identified using the muon
tracking detectors; the second muon is identified
by the coincidence of the isolated energy depo-
sition left by the muon through the longitudinal
layers of the calorimeter with the azimuthal direc-
tion of the By corrected only for the “tracked”
muon. The photon must have Epr > 10 GeV
and be in the same fiducial region as those from
the W+ analysis. In both the electron and muon
analyses, the photons are isolated from the elec-
trons by requiring AR > 0.7 to remove final state
bremsstrahlung photons. 29 Candidates are iden-
tified, 14 in the eey and 15 in the ppy channels.
The total expected background is 5.4+ 1.0 events,
primarily from Z + jet(s) with a jet that mimics
a photon and (muon channel only) W + v events
with an second, fake muon. The number of can-
didates agrees with the SM prediction of 29 + 3
events. The photon spectrum, shown in Fig. 1,
shows qualitative agreement with the SM predic-
tion. Two events in the eey channel have E. ~ 75
GeV, dielectron invariant mass M., ~ Mz, and
M. ~ 200 GeV /c?. The probability for the SM
signal + background to have two or more events
with EJ > 60 GeV is 16%, including the puy
decay mode. Anomalous coupling limits, formed



with A = 500 GeV, are |h%,(h%)| < 1.36 and
|hZy(R%y)| < 0.26 at 95% CL. The Zyv limits are
similar.
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Figure 1. Photon Ep spectrum from the D@
Zy — eev (pupy) analysis of the Run Ib data.

The Run Ia Z4 — vvv analysis has the advan-
tage of a 20% branching fraction compared to a
3.3% branching fraction for either of the charged
lepton decay modes. In addition, there are no
final state bremsstrahlung photons since the neu-
trinos have no electric charge. The excellent her-
miticity and longitudinal segmentation of the D@
detector make it possible to identify events con-
taining only a single photon with Ep > 40 GeV
balanced by Ep> 40 GeV. Selecting events with
no jets of Er > 15 GeV is important to reject
background from W — ev events with the elec-
tron misidentified as a photon. The longitudinal
segmentation makes it possible to remove and es-
timate the size of the background from cosmic ray
and beam related muon bremsstrahlung. The to-
tal expected background is 5.8 4+ 1.0 events. The
predicted SM signal is 1.8 + 0.3 events. 4 Candi-
dates are seen in the Run Ia data. The combined

Run Ia anomalous coupling limits for A = 500
GeV are |hZ,(h%)| < 0.78 and |hZ,(h%,)| < 0.19
at 95% CL. For A = 750 GeV the limits are
|hZy(h%,)| < 0.44 and |h%,(h%,)| < 0.06. The Zvv
limits are similar. These are the most restrictive
Z Z~ and Z=+v limits available.

5. Prospects

There will be substantial improvements in the
anomalous coupling limits in the near future as
CDF and D@ continue to analyze the Run Ib
data. Ultimately, the two experiments will com-
bine their results to produce Tevatron limits for
Run L

Presently D@ and CDF are working on their
detector upgrades for Run II. The Main Injector
will allow the Tevatron to provide 2 fb~! data
samples to each detector at /s — 2000 GeV. For
D@, the addition of a solenoid magnet and new
tracking system will improve the muon resolution.
The CDF detector will have improved electron
and photon acceptance in the forward direction.

Limits on anomalous couplings scale by approx-
imately the 1/4 root of the luminosity for fixed
A and assuming no improvement in technique.
The large luminosity will provide upwards of 3000
W+~ — vy events, 700 Zvy — eevy + puy events,
100 WW — dileptons events, some 30 W7 —
trileptons and a handful of ZZ — €’s and u's
per experiment. CDF has already observed a
ZZ event during Run I. Figure 2 shows their
Z7Z — utu ptp~ event. This is the first Z bo-
son pair candidate recorded. Qualitatively, the
W+, and perhaps, the W Z radiation zeroes will
be unambiguously observed. Anomalous coupling
limits will begin to probe the theoretical expec-
tations.

6. Conclusions

In summary, the Tevatron continues to dom-
inate observation of vector boson pair produc-
tion. All of the pair production decay modes
are accessible. Limits on anomalous coupling
WW~, WWZ, ZZ~, and Zv+ couplings remain,
by a large margin, the tightest available. The
prospects for Run II indicate the situation will
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Figure 2. The ZZ — ptu~ uTp~ candidate from
the Run I CDF data.

remain so for some time.
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to both collaborations, and particularly to Gerry
Guglielmo, Chris Murphy, Greg Landsberg, Mike
Tuts, and Larry Nodulman.

REFERENCES

1.

Run I was divided into three time periods.
The initial period, consisting of ~ 20 (~ 14)
pb~! recorded at CDF (D®), is generally
named “Run Ia”. The second time period,
“Run Ib”, consisted of ~ 90 (~ 93) pb~!
recorded at CDF (D®). A short “Run Ic” oc-
curred in early 1996.

K. Hagiwara, R. D. Peccei, D. Zeppenfeld,
and K. Hikasa, Nucl. Phys. B282, 253 (1987).
K. Kim and Y-S. Tsai, Phys. Rev. D 7, 3710
(1973).

K. Hagiwara, J. Woodside, and D. Zeppen-
feld, Phys. Rev. D 41, 2113 (1990).

U. Baur and E. L. Berger, Phys. Rev. D 41,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

4889 (1993).

CDF Collaboration, F. Abe et al., Phys. Rev.
Lett. 74, 1936 (1995).

D. Benjamin in Proceedings of the Tenth Top-
ical Workshop on proton-antiproton Collider
Physics, ed. R. Raja and J. Yoh, (AIP Press,
1996) p. 124.

Limits on anomalous couplings are typi-
cally 2-dimensional contours (e.g. A vs. Ax).
Throughout this paper I quote the intersec-
tions of the contours with the coordinate axes.
R. W. Brown, in Proceedings of the Inter-
national Symposium on Vector Boson Self-
Interactions ed. U. Baur, S. Errede and
T. Miiller, (AIP Conference Proceedings 350,
1996) p. 261.

D® Collaboration, S. Abachi et al., Phys.
Rev. Lett. 75, 1034 (1995).

D® Collaboration, S. Abachi et al., Phys.
Rev. Lett. 78, 3634 (1997).

D® Collaboration, S. Abachi et al., Phys.
Rev. Lett. 75, 1023 (1995).

D® Collaboration, S. Abachi et al., Phys.
Rev. Lett. 77, 3303 (1996).

D® Collaboration, S. Abachi et al., HEP-
EX/9704004 and Fermilab-Pub-97/088-E,
submitted to Phys. Rev. D, April 1997.

D@ Collaboration, B. Abbott et al., HEP-
EX/9705010 and Fermilab-Pub-97/136-E,
submitted to Phys. Rev. Lett., May 1997.
CDF Collaboration, F. Abe et al., Phys. Rev.
Lett. 75, 1017 (1995).

CDF Collaboration, F. Abe et al., Fermilab-
Pub-96/311-E, submitted to Phys. Rev. Lett.,
Sept. 1996.

J. Ohnemus, Phys. Rev. D 44, 1403 (1991).
CDF Collaboration, F. Abe et al., Phys. Rev.
Lett. 74, 1941 (1995).

D® Collaboration, S. Abachi et al., Phys.
Rev. Lett. 75, 1028 (1995).

D® Collaboration, S. Abachi et al., Phys.
Rev. Lett. 78, 3640 (1997).



